19 A growing body of evidence indicates that visual perceptual learning (VPL) is enhanced 20 by reward provided during training. Another line of studies has shown that sleep following 21 training also plays a role in facilitating VPL, an effect known as the offline performance gain of 22 VPL. However, whether the effects of reward and sleep interact on VPL remains unclear. Here, 23 we show that reward interacts with sleep to facilitate offline performance gains of VPL. First, we 24 demonstrated a significantly larger offline performance gain over a 12-h interval including sleep 25 in a reward group than that in a No-reward group. However, the offline performance gains over 26 the 12-h interval without sleep were not significantly different with or without reward during 27 training, indicating a crucial interaction between reward and sleep in VPL. Next, we tested 28 whether neural activations during posttraining sleep were modulated after reward was provided 29 during training. Reward provided during training enhanced REM sleep time, increased 30 oscillatory activities for reward processing in the prefrontal region during REM sleep, and 31 inhibited neural activation in the untrained region in early visual areas in NREM and REM sleep. 32 The offline performance gains were significantly correlated with oscillatory activities of visual 33 processing during NREM sleep and reward processing during REM sleep in the reward group 34 but not in the No-reward group. These results suggest that reward provided during training 35 becomes effective during sleep, with excited reward processing sending inhibitory signals to 36 suppress noise in visual processing, resulting in larger offline performance gains over sleep. 37 38 Significance statement 39 Independent lines of research have shown that visual perceptual learning (VPL) is 40 improved by reward or sleep. Here, we show that reward provided during training increased 41 offline performance gains of VPL over sleep. Moreover, during posttraining sleep, reward was 42 associated with longer REM sleep, increased activity in reward processing in the prefrontal 43 region during REM sleep, and decreased activity in the untrained region of early visual areas 44 during NREM and REM sleep. Offline performance gains were correlated with modulated 45 oscillatory activity in reward processing during REM sleep and visual processing during NREM 46 sleep. These results suggest that reward provided during training becomes effective on VPL 47 through the interaction between reward and visual processing during sleep after training. 48 3 INTRODUCTION 49
ABSTRACT 19
A growing body of evidence indicates that visual perceptual learning (VPL) is enhanced 20 by reward provided during training. Another line of studies has shown that sleep following 21 training also plays a role in facilitating VPL, an effect known as the offline performance gain of 22 VPL. However, whether the effects of reward and sleep interact on VPL remains unclear. Here, 23
we show that reward interacts with sleep to facilitate offline performance gains of VPL. First, we 24 demonstrated a significantly larger offline performance gain over a 12-h interval including sleep 25 in a reward group than that in a No-reward group. However, the offline performance gains over 26 the 12-h interval without sleep were not significantly different with or without reward during 27 training, indicating a crucial interaction between reward and sleep in VPL. Next, we tested 28 whether neural activations during posttraining sleep were modulated after reward was provided 29 during training. Reward provided during training enhanced REM sleep time, increased 30 oscillatory activities for reward processing in the prefrontal region during REM sleep, and 31 inhibited neural activation in the untrained region in early visual areas in NREM and REM sleep. 32
The offline performance gains were significantly correlated with oscillatory activities of visual 33 processing during NREM sleep and reward processing during REM sleep in the reward group 34 but not in the No-reward group. These results suggest that reward provided during training 35 becomes effective during sleep, with excited reward processing sending inhibitory signals to 36 suppress noise in visual processing, resulting in larger offline performance gains over sleep. 37 38 Significance statement 39 Independent lines of research have shown that visual perceptual learning (VPL) is 40 improved by reward or sleep. Here, we show that reward provided during training increased 41 offline performance gains of VPL over sleep. Moreover, during posttraining sleep, reward was 42 associated with longer REM sleep, increased activity in reward processing in the prefrontal 43 region during REM sleep, and decreased activity in the untrained region of early visual areas 44 during NREM and REM sleep. Offline performance gains were correlated with modulated 45 oscillatory activity in reward processing during REM sleep and visual processing during NREM 46 sleep. These results suggest that reward provided during training becomes effective on VPL 47 through the interaction between reward and visual processing during sleep after training. 48
INTRODUCTION 49
Visual perceptual learning (VPL) is defined as the long-term performance improvement 50 on a perceptual task as a result of perceptual experience (1-3). VPL is regarded as a 51 manifestation of plasticity in visual information processing and the brain; however, the neural 52 mechanisms underlying VPL are not completely understood. Recently, the effects of two factors, 53 sleep and reward, on VPL have attracted considerable attention in different contexts, as 54 described below. 55
First, VPL is considered to have several phases, including the fast within-session phase 56 and the delayed offline phase (4), the latter of which sleep plays an important role (5). Evidence 57 for the delayed offline phase includes the fact that performance gains in VPL emerge overnight 58 (6-8) or after daytime naps (9, 10). Moreover, deprivation of a total night of sleep (11), only 59 REM sleep (6) or only slow wave sleep (stage N3) (12) nullifies the VPL performance gains 60 achieved during sleep. The offline performance gain by sleep has been found in various types of 61 VPL tasks (6-8, 10), as well as other types of learning and memory tasks, including motor skill 62 learning and declarative memory (13-16). Since the mere passage of time, which does not 63 include sleep, shows no clear offline gain of VPL, the offline performance gains of VPL have 64 been proposed to be sleep dependent, not time dependent, and the brain status in sleep itself is 65 believed to be essential for the offline gain of VPL (11, 12, 17) . 66
Another line of research demonstrates that reward provided during training enhances 67 VPL, even without an active task or even when the main visual stimuli were invisible (18) (19) (20) (21) . 68
For instance, in a previous study (18), as a result of passive viewing of a sequence of two visible 69 or invisible orientations, one paired with reward and the other paired with no reward, only the 70 orientation paired with reward was learned. Because VPL was formed by reward without an 71 active task, Seitz et al. (2009) suggested that the effect of reward on VPL is not due to attention 72 or task-related reinforcement signals but is consistent with a process that gates learning 73 originating in subcortical reward processing or reinforcement learning (22). 74
Importantly, whether, and if so, how, the effects of reward and sleep interact on VPL has 75 remained unclear because in studies examining the effect of reward on VPL, possible 76 interactions of sleep with reward were not considered and hence not examined. Because VPL is 77 defined as a long-lasting effect, the effect of reward on VPL was reported as a result of multiple-78 day training periods. For example, the abovementioned study (18) used a training period that 79 covered several days, during which sleep was not experimentally deprived. Therefore, the 80 experiments inevitably include several hours of sleep episodes repeatedly after daily training. 81
Thus, whether these results are likely to reflect interactions between reward and sleep on VPL 82 remains to be tested. 83
The present study aimed to investigate whether sleep and reward interact on VPL and, if 84 so, how facilitation of VPL is manifested in brain oscillations during sleep. In Experiment 1, we 85 systematically compared the results from 4 conditions in separate groups: a group with neither 86 reward nor sleep, a group with reward without sleep, a group with sleep without reward, and a 87 group with both reward and sleep. We found that reward significantly interacts with sleep, 88 enhancing offline performance gains on a visual task over those achieved by sleep alone but not 89 enhancing performance during training. These results suggest that reward becomes effective 90 during the delayed phase and that sleep facilitates the effect of reward on VPL. In Experiment 2, 91 to test whether the results of Experiment 1 was simply due to reward provided during test 92 sessions in reward groups, reward was provided only during training and not test sessions. We 93 have obtained the same pattern of results as in Experiment 1 in which reward was provided 94 during test sessions as well as training. This indicates that the results of Experiment 1 cannot be 95 simply attributed to reward provided during test sessions. In Experiment 3, we investigated the 96 neural mechanism underlying the interaction between reward and sleep on VPL using 97 polysomnography. Posttraining REM sleep became longer when reward was provided during 98 training than when reward was not provided during training. Additionally, spontaneous brain 99 oscillations that represent reward processing in the prefrontal region (23) and visual processing 100 in early visual areas were modulated in the posttraining sleep. Importantly, modulated 101 spontaneous oscillations for the reward and visual processing were strongly correlated with 102 offline performance gains in the reward group. These results suggest that reward becomes 103 effective through posttraining sleep, during which crucial interactions occur between reward 104 processing and visual processing, which result in enhanced offline performance gains. 105
106

RESULTS
107
Experiment 1 108
We tested whether the effects of reward and sleep on VPL are interactive. Because sleep 109 plays a critical role in offline performance gain, we tested whether offline performance gains 110 were modulated if reward and sleep do in fact interact with each other. By contrast, if the 111 impacts of reward and sleep are independent, then offline performance gains of VPL over sleep 112
should not be significantly different between training with and without reward. 113
There were 4 groups ( Fig. 1 & No-reward) conducted their 1st training session at 9 pm and their 2nd session at 9 am the 118 following morning, whereas the other 2 awake groups (Wake & Reward and Wake & No-119 reward) went through the same procedure except that they began their 1st training session at 9 120 am and the 2nd session at 9 pm on the same day. 121
For training, we used a texture discrimination task (TDT, see Materials and Methods), 122 which is a standard VPL task (6, 9, 12, (24) (25) (26) in the reward groups were asked to refrain from eating or drinking for 4 h prior to the sessions so 127 that the water reward would be effective. 128
We conducted a 2-way ANOVA with the factors Sleep (sleep vs. wake) and Reward 129 (reward present or absent) on offline performance gains between the 1st and 2nd training 130 sessions. The mean performance change% (see Materials and Methods) for each group is 131 shown in Fig. 2A indicate that the significant interaction between reward and sleep originated from the difference 144 in the reward effect between the sleep and wake groups. Namely, the effect of reward is evident 145 between the sleep groups, while the effect of reward is elusive between the wake groups. 146
We conducted two types of control analyses. We first tested whether the initial 147 performance, represented by the threshold SOA in the 1st training session, differed across 148 groups. Two factors may have affected the threshold SOAs in the 1st training session. The first is 149 the circadian timing of the sessions, which was different between the sleep and wake groups. The 150 circadian timing might have caused the performance at night to be worse than that during the day 151 (e.g., (27, 28)). The second is that the effect of reward might have accumulated during training 152 and emerged during the 1st training session. If this was the case, the threshold SOA in the 1st 153 training session should be better for the groups who received a reward during training than for 154 those who did not. 155
We tested whether the threshold SOA during the 1st training ( Second, we tested whether the accuracy of the central letter task was the same across 164 groups. If some subjects did not engage well with the central fixation task, that is, they moved 165 their eyes to the orientation task, the performance would be higher during training. We found 166 that the mean accuracy of the central letter task for each group was high during both the 1st and 167 2nd training sessions. The Shapiro-Wilk tests showed that the distribution of the accuracy of the 168 central task violated normality for the 1st and 2nd training sessions. We thus used the 169 nonparametric Kruskal-Wallis one-way ANOVA to test whether the accuracy of the central task 170 differed across groups for the 1st and 2nd training sessions. The results showed no significant 171 group difference for the 1st (Chi-Square = 3.489, df = 3, p=0.322) or 2nd training sessions (Chi-172 Square = 1.872, df = 3, p=0.599). 173
The results of Experiment 1 clearly demonstrate that reward and sleep interact with each 174 other and that the interaction results in larger offline performance gains of VPL. Moreover, the 175 effect of reward is significant for only the sleep group and not for the wake group. These results 176 suggest that the reward may not be effective unless participants sleep after training. 177 178
Experiment 2 179
In Experiment 1, a reward was provided during both the 1st and 2nd training sessions. Although 180 the reward did not influence the performance during the 1st training session, one may wonder 181 whether the reward given during the 1st and 2nd training sessions accumulated to induce larger 182 performance gains for the groups who received the reward during training. Thus, in Experiment 183 2, we slightly changed the design. First, we added short test sessions to obtain threshold SOAs 184 separate from a training session. Second, the reward was not given to any of the groups during 185 the test sessions. Thus, the performance evaluation during the test sessions was not influenced by 186
reward. 187
Two test sessions were performed: a presleep test session (T1) immediately after the 188 training session and a postsleep test session (T2) after a 12-h interval without a second training 189 session ( Fig. 3) . A reward was not given to any of the groups during the two test sessions. 190
There were 4 groups ( Fig. 3 performed their training at 9 pm followed by test session T1 and test session T2 at 9 am the 193 following morning, whereas the other two wake groups (Wake & Reward and Wake & No-194 reward) followed the same procedure except that they performed their training at 9 am in the 195 morning followed by test session T1 and then performed test session T2 at 9 pm later the same 196 day. The procedures for the VPL task and reward were the same as those in Experiment 1. 197
We conducted a 2-way ANOVA with factors Sleep (sleep vs. wake) and Reward (present 198 or absent) on the offline performance gains between test sessions T1 and T2. See 199 Supplementary Table S2 for the mean threshold SOA for the test and training sessions. The Experiment 1, showing that reward has no effect on the offline performance gains of VPL 209 without sleep. 210
We also conducted control analyses. First, we tested whether the performance in the 211 initial training session differed across groups. Second, the central task performance was not significantly different across groups after 223 training. Again, since the Shapiro-Wilk tests showed that the data violated normality, we used a 224
Kruskal-Wallis one-way ANOVA to test whether the accuracy of the central task differed across 225 groups for the 1st and 2nd training session. The results showed no significant group difference 226 for the 1st (Chi-Square = 0.7, df = 3, p=0.873) or 2nd training sessions (Chi-Square = 0.846, df = 227 3, p=0.838). 228
Notably, the number of trials used to obtain the threshold SOAs was 10 in Experiment 2, 229 which was smaller than the 78 trials used in Experiment 1. Some might wonder whether the 230 smaller number of trials caused too much variability and lowered the precision of the 231 measurement. We examined whether different numbers of trials resulted in different threshold 232 SOAs in Experiment 2. We computed the threshold SOAs using the first 10 trials as well as 233 using 78 trials in the training session in Experiment 2. We then used one-way repeated measures 234 ANOVA (factor = # of trials) to test whether the threshold SOAs measured using different 235 numbers of trials were significantly different. No significant difference was observed between 236 the threshold SOAs based on 10 trials vs. 78 trials (F(1,39)=0.142, p=0.708). In addition, the 237 variability for the threshold SOA was not significantly different between the 10 trials and 78 238 trials (Barlett's statistic = 0.343, p = 0.558). Therefore, using a smaller number of trials did not 239 cause a serious problem with obtaining the threshold in Experiment 2. 240 241
Experiment 3 242
The findings thus far led to a hypothesis that the interaction between reward processing 243 and visual processing takes place during posttraining sleep after reward is given during training. 244
In Experiment 3, we examined whether this is the case, and if so, how the interaction occurs in 245 the brain during sleep using polysomnography (PSG, see Materials and Methods). 246 We examined whether spontaneous brain oscillations in reward and visual processing 247 during posttraining sleep (a nap) were modulated by reward. Since we were interested in the 248 interaction between reward and sleep, only two sleep groups were considered: with and without 249 reward during the training session ( Fig. 5 ; Reward vs. No-reward). The design in Experiment 3 250 was similar to that in Experiment 2. The presleep test session (T1) was conducted immediately 251 after the training session. The postsleep test session (T2) was conducted after the nap (Fig. 5) . 252
No reward was given during the test sessions. 253 254
Sleepiness between groups 255
We measured subjective sleepiness by the Stanford Subjective Sleepiness (SSS) scale 256 (29) at the beginning of sessions T1 and T2. See Supplementary Table S3 for the SSS results. 257
We tested whether sleepiness differed between groups. The subjective sleepiness was not 258 significantly different between the groups at T1 (Wilcoxon-Mann-Whitney test, p=0.852) or T2 259 (Wilcoxon-Mann-Whitney test, p=0.775). Thus, differential behavioral outcomes or spontaneous 260 oscillations between groups could not be attributed to sleepiness. 261 262
Performance gain 263
Both groups showed significant offline performance gains over the sleep period ( Fig. 6 ; 264 one-sample t-test; Reward group: t(10)=8.22, p<0.001; No-reward group: t(10)=3.13, p=0.011). 265
One-way ANOVA with the factor being Reward (reward present vs. absent) on the offline 266 performance gain showed that the main effect of Reward was significant (F(1,20)=4.655, 267 p=0.043), replicating the previous finding that the offline performance gain was larger for the 268 Reward group than for the No-reward group (Fig. 6A; see Supplementary Fig. S3 We investigated whether the sleep structures, which included 7 variables (see Table 1 , 274 time spent (min) in Wake, N1, N2, N3, and REM sleep, sleep-onset latency (SOL) and REM 275 sleep latency in the posttraining nap, see Materials and Methods), were different between the 276 Reward and No-reward groups. To do this analysis, we repeated the one-way ANOVA 6 times. 277
Only the time spent in REM sleep was significantly different between groups (Fig. 6B, Table 1 ). 278 279
Spontaneous oscillations in the prefrontal and occipital cortex 280
Next, we investigated whether the activations of spontaneous oscillations during 281 posttraining sleep were different between the Reward and No-reward groups. If reward provided 282 during training induces interactions between reward processing and visual processing during 283 sleep, the interaction would be shown in differential brain activations between the Reward and 284
No-reward groups, depending on sleep stages or frequency bands. 285
We obtained the power densities for the 4 frequency bands (power densities for delta, 286 theta, alpha, and sigma, see Materials and Methods) of spontaneous oscillations from 3 brain 287 regions (prefrontal region and trained and untrained occipital regions) for both NREM sleep and 288 REM sleep. We preselected the prefrontal region because we were interested in reward 289 processing, which is reflected by the strength of spontaneous oscillations in the prefrontal EEG 290 channels (23). Additionally, we preselected the occipital region for visual processing. We used 291 the trained and untrained hemispheres of the occipital EEG channels corresponding to early 292 visual areas, which are known to be involved in the performance gains of this task (30, 31) (see 293
Materials and Methods). 294
To analyze whether reward provided during training modulates spontaneous oscillatory 295 activity in reward and visual processing during posttraining sleep, we conducted a 4-way 296 repeated measures ANOVA with Stage (NREM sleep vs. REM sleep), Frequency (delta, theta, 297 alpha, and sigma bands), Region (prefrontal, trained occipital, and untrained occipital), and 298
Reward (Reward vs. No-reward groups) factors (Fig. 7) on power density. Importantly, the 4-299 way interaction was significant (F(6,108)=3.234, p=0.006). The significant 4-way interaction 300 allowed us to perform further post hoc analyses without inflating the type I error rates. See 301 Supplementary Table S5 for the complete results of the four-way and post hoc one-way 302 ANOVAs, including 3-way interactions, 2-way interactions and main effects. 303
Since we were interested in the reward effect, we conducted one-way ANOVAs to test 304 whether the power density of each frequency band for each sleep stage for each ROI was 305 different between the Reward and No-reward groups as post hoc tests (see Supplementary  306   Table S5B for more details). We found that during NREM sleep, only the sigma band of the 307 untrained occipital region showed a significant main effect of Reward (F(1,18 Notably, the effect of reward on spontaneous oscillations differed for the prefrontal and 314 occipital regions. The power densities of the prefrontal region tended to be larger in the Reward 315 group than in the No-reward group, while the power densities of the occipital regions in the 316
Reward group were smaller than those in the No-reward group (Fig. 7) . Because the 4-way 317 interaction was significant and the 2-way interaction between Region and Reward was almost 318 significant ( Supplementary Table S5A ), we tested the effect of reward on the averaged power 319 density across the 4 bands at the prefrontal region and at occipital regions separately for NREM 320 and REM sleep as post hoc tests (Supplementary Fig. S4) . 321
For the prefrontal region, a one-way ANOVA with a Reward factor (Reward vs. No-322 reward) on the averaged power density showed a tendency of a main effect of Reward during 323 REM sleep (F(1,18)=4.358, p=0.051, Supplementary Fig. S4B ) but not during NREM sleep 324 (F(1,18)=1.872, p=0.188, Supplementary Fig. S4A) . Fig. S4D) . These results suggest that although not statistically significant, the 330 effect of reward tended to be excitatory in the prefrontal region and was more apparent during 331 REM sleep, whereas the effect of reward tended to be inhibitory in the occipital regions, which 332 was more apparent during NREM sleep. 333
Previous studies showed a trained-region-specific effect of VPL in early visual areas 334 during sleep (30, 32). We also replicated the effect. Notably, the abovementioned 2-way 335 ANOVA on the averaged power density at the occipital regions showed a significant main effect 
Control tests 367
First, we tested whether the performances during training and at T1 were different 368 between the Reward and No-reward groups. The results of a one-way ANOVA with the factor 369 being Reward (presence vs. absence) on the threshold SOA were not significantly different 370 between the groups during training (F(1,20)=0.310, p=0.912) or during T1 (F(1,20)=0.092, 371 p=0.764). 372 Second, the central task performance was not significantly different between groups 373 during the test sessions. We analyzed the correct response rates for the central task for all 374 subjects in all groups. Since the Shapiro-Wilk tests showed a violation of normality, we used the 375
Mann-Whitney U test. The results showed no significant difference in the central task 376 performance between the groups in the T1 (U=57, p=0.816) and T2 (U=34, p=0.078) test 377
sessions. 378
Third, we tested whether any presleep behavioral measures such as the threshold SOA 379 during the training and T1 test sessions were correlated with sleep structures. None of stage W, 380 N1, N2, N3, REM, or sleep-onset latency was significantly correlated with the threshold SOA 381 during training or T1 (see Supplementary Table S6) . 382
Finally, we tested whether various sleep habit measures were significantly different 383 between the Reward and No-reward groups. We used the Pittsburg Sleep Quality Index (PSQI) 384 (33) and the Munich Chronotype Questionnaire (MCTQ) (34, 35) to investigate individual 385 habitual sleep quality, habitual bed times, wake-up time, and chronotype. None was significantly 386 different between groups (see Supplementary Table S7 ). 387
These control analyses suggest that the significant difference in the offline performance 388 gains, as well as the significant differences in the prefrontal and occipital regions between the 389 groups in Experiment 3, were not attributed to performance before sleep, the central task The inhibitory effect of the interaction between reward and sleep on early visual areas 404 was consistent with previous studies. First, prefrontal activation has been shown to provide 405 inhibitory input to sensory cortices (36, 37). Second, reward circuits have been found to send out 406 inhibitory signals (38-40). Third, reward signals selectively decreased blood oxygen level-407 dependent activation in the early visual areas in a study that used functional magnetic resonance 408 imaging (41). The inhibitory signals sent from reward processing may reduce neural activation in 409 visual processing so that the most efficient neural circuits or synaptic connections in the visual 410 cortex would be preserved, while the neural circuits that are not highly efficient would be 411 send inhibitory signals to visual processing to shape and store efficient neural circuits (39, 60) 454 during posttraining sleep, leading to larger offline performance gains by sleep. As a byproduct, 455 the excited limbic system may create a brain status that is favorable for maintenance of REM 456 sleep, leading to longer REM sleep duration. 457
One may wonder whether the offline performance gain by reward and sleep was due to 458 merely the accumulation of reward provided during the acquisition stage. However, this 459 possibility is unlikely because the threshold SOA at the initial training session was not 460 significantly different between groups with or without reward in each experiment. The lack of 461 effect of reward on the initial performance level was replicated in three independent experiments. 462
Second, in Experiments 1 and 2, the increased offline performance gains were found only with 463 the sleep groups, not with the wake groups. If reward does not interact with sleep, the effect of 464 reward should have been significant not only for sleep groups but also for wake groups. 465
Is it possible that the effect of reward was merely unmasked visual adaptation that 466 occurred during training session by sleep (9, 61)? This possibility is also unlikely. Visual 467 adaptation is shown as decreased activity (62). If the observed effect of reward was due to 468 merely a reduction in visual adaptation by sleep, given that visual adaptation is shown as 469 decreased activity (62), the activation in the occipital regions during posttraining sleep should 470 have been larger in the Reward group than in the No-reward group in Experiment 3. However, 471 the results were opposite to this prediction. The results of Experiment 3 indicated that the overall 472 effect of reward is inhibitory on visual processing. Moreover, the effect of reward was more 473 apparent in the untrained region, not in the trained region, whereas visual adaptation emerged in 474 the trained region (61). These findings suggest that the effect of reward on VPL is not due to 475 merely the removal of visual adaptation by sleep but to a more active process involving the 476 interaction between prefrontal reward processing and occipital visual processing. However, the 477 interaction between reward and visual processing may be somehow suspended during 478 wakefulness until posttraining sleep begins. Future research is needed to clarify what gates the 479 interaction. 480 Was performance of the task affected by deprivation of water and food, not by reward per 481 se? This possibility is unlikely for the following two reasons. First, if deprivation of water and 482 food prior to the experiment had affected performance of the task, the initial performance level 483 should have been different between groups with and without reward. However, as mentioned 484 above, the threshold SOA in the initial training session was not significantly different across 485 groups in any of the experiments. Second, if deprivation affected the task performance, water 486 and food deprivation might have also affected subjective fatigue and sleepiness. However, the 487 degree of subjective sleepiness was not significantly different between groups in either the 488 presleep or postsleep test sessions ( Supplementary Table S3 ). These data are inconsistent with 489 the possibility that deprivation rather than reward affected performance. 490
Previous studies that investigated the relationship between reward values and selective 491 remembering over sleep (59, 63, 64) have reported neither longer REM sleep nor increased 492 activation during REM sleep. At least three possible distinctions might elucidate the difference 493 between our study and previous studies. First, a different type of reward was used. While 494 previous studies used money as a reward, the present study used water as a reward after fasting. 495
Because a water reward after fasting could serve as a primary physical reinforcer, a water reward 496 may have strongly impacted reward processing and/or the neural circuits involved in REM sleep. 497
Second, we used larger differences in reward values across experimental conditions than in 498 previous studies. In our study, one group was water-rewarded after fasting, while the other was 499 not rewarded. By contrast, in most previous studies, a fine-graded difference in monetary reward 500 values was used. For instance, a larger reward value was contrasted with a smaller reward value 501 (59). The smaller difference in reward values might have obscured the impact on REM sleep. If 502 true, this fact would further imply that the impact of reward during learning and memory on 503 REM sleep may not be linear. Third, the tasks used were also different. Previous studies 504 employed mostly associative memory tasks, whereas the present study employed VPL. 505
Associative memories often involve hippocampal circuits (51, 52), whereas VPL of TDT used in 506 the present study involves mostly the primary visual areas (25, 26, 30) . The role of REM sleep 507 might differ depending on the involved neural structures. 508
The present study used the TDT to investigate the interaction between the effects of 509 reward and sleep on VPL. However, not all types of learning depend on the consolidation 510 process during sleep (e.g., (65)). Additionally, whether reward during training is similarly 511 effective on the consolidation of other types of VPL is unclear. More research is necessary to 512 investigate whether the present findings can be generalized to other types of perceptual learning. 513
514
MATERIALS AND METHODS 515
Participants 516 A total of 69 young and healthy adults (47 (20 males and 27 females) in Experiment 1, 40 517 (16 males and 24 females) in Experiment 2, and 22 (10 males and 12 females) in Experiment 3) 518 participated in the study. All participants had normal to corrected vision and were aged between 519 18 and 25 years old. Subjects gave their written informed consent for their participation after the 520 purpose of the study was thoroughly described. The institutional review board of Brown 521
University approved this study. 522
All participants were given a screening document to identify individuals who could safely 523 refrain from eating or drinking 5 h prior to the experiment. None of the participants had prior 524 experience with the task used in this study. Frequent video game players were excluded because 525 prior research suggested that frequent gaming influences performance in VPL tasks (66-68). In 526 addition, participants were required to have a regular sleep schedule, and anyone with a physical 527 or psychiatric disease, who was currently under medication, or who was suspected to have a 528 sleep disorder was excluded (16, 69, 70) . Subjects were instructed to maintain regular sleep 529 habits prior to the experiments and were asked to abstain from caffeine consumption during the 530 day of the experiment. All participants were instructed that they could have water and food 531 during the interval between sessions. Additional screening tests were conducted for 532 polysomnographic experiments in Experiment 3 (see below). 533 534
Design of Experiment 1 535
Due to an unexpected period of daytime napping, which could confound the results, one 536 subject had to be excluded from the Wake & Reward group, leaving a total of 47 participants. 537
The number of participants in each group was 12, except for the Wake & Reward group, which 538 included 11 participants. 539
Subjects were trained and tested with a modified version of TDT (24, 71). Each trial 540 began with a fixation point at the center of the display (1000 ms), which was followed by a 541 briefly presented textured display (13 ms). After the disappearance of the textured display, a 542 black screen was presented for a varying duration, followed by a mask stimulus for 100 ms. 543
Mask stimuli were composed of randomly rotated V-shaped patterns. The blank interval between 544 the onset of the textured stimulus and the mask is referred to as the stimulus-to-mask onset 545 asynchrony (SOA), which varied from trial to trial. The textured display contained a central letter 546 and a target triplet that consisted of 3 diagonal lines in the lower-left visual field quadrant in the 547 background of horizontal lines. Participants were asked to report whether the central letter was 548 'L' or 'T' to ensure participants' eye fixation for the letter task and then whether the target triplet 549 was horizontally or vertically structured for the orientation task. 550
After the participant's response, auditory feedback was provided for both the letter task 551 and the orientation task in all groups. Furthermore, in the two reward groups (Sleep & Reward  552 and Wake & Reward), participants received a droplet of water along with the auditory feedback 553 provided for the orientation task for a correct response. Water was delivered to participants 554 through a tube held in their mouth for the duration of the experiment (72). The water reward was 555 provided during both the 1st and 2nd training sessions to control for the testing condition. 556
Participants in the No-reward groups (Sleep & No-reward and Wake & No-reward) were not 557 equipped with the feeding tube nor were they given water upon correct response for the 558 orientation task. 559
The interval between the first and the second training sessions for each group was 12 h. 560
Each training session consisted of 16 blocks, each of which had 39 trials with a constant SOA 561 based on our previous study (67). Eight SOAs were considered: 400 ms, 180 ms, 160 ms, 140 562 ms, 120 ms, 100 ms, 80 ms and 60 ms. Each SOA was assigned 2 blocks (78 trials) (67). The 563 total number of trials was 624, and approximately 1 h was required to complete each session. 564
The TDT stimulus subtended a 14°-by-14° visual angle. The position of each line 565 segment in the background display jittered by 0-0.05° between trials. The stimulus was 566 composed of 0.43°-by-0.07° (32 cd/m 2 ) gray lines that were presented against a black 567 background (0.5 cd/m 2 ). The position of the orientation target varied slightly between each trial 568 but was consistently presented within the lower-left quadrant within a 3°-5° visual angle from 569 the center of the display. 570
The stimuli were presented using Psychophysics Toolbox (73, 74) for MATLAB® (The 571
MathWorks, Natick, MA) on a Macintosh G5 computer. The stimuli appeared on a 19″ CRT 572 monitor with a resolution of 1024 by 768 pixels at a refresh rate of 85 Hz. Participants' heads 573 were restrained with a chin rest, and the viewing distance was 57 cm. All experiments were 574 conducted in a dimly lit room. 575
For each session, we obtained the 75% threshold SOA as a behavioral measure. First, we 576 obtained the correct response ratio for the peripheral orientation task computed for each SOA 577 and then fitted the data to a logistic psychometric function (75 The performance improvement over the wake/sleep period was calculated based on the 597 threshold SOA in test sessions T1 and T2. First, for each test session, the 75% threshold SOA 598 was obtained. Second, the threshold SOA of session T2 was subtracted from the threshold SOA 599 of session T1, then divided by the threshold SOA of session T1 session and multiplied by 100. 600 601
Design of Experiment 3 602
Because Experiment 3 was designed to examine brain activation during sleep, we applied 603 screening tests for the participants in addition to those conducted in Experiment 1 to select 604 subjects whose sleep habits were more consistent. Participants were required to have a regular 605 sleep schedule of approximately 7-8 h of sleep with a bedtime of 11 pm to 12 am. We conducted 606 a questionnaire to ask whether a subject may have symptoms related to sleep complaints or sleep 607 disorders, including insomnia and narcolepsy. None of the subjects reported sleep complaints or 608 disorders. In addition, the Pittsburg Sleep Quality Index (PSQI) (33) and the Munich Chronotype 609 Questionnaire (MCTQ) (34, 35) were used to characterize subjects' habitual sleep quality and 610 individual chronotypes. 611
Participants were asked to arrive at the laboratory at noon. After a 1-h period of TDT 612 training and the first 10-min test session T1, participants were allowed to rest for a period of 613 approximately 30 min while electrodes were applied for PSG. A 120-min nap began at 614 approximately 2 pm for all participants. Test session T2 was conducted at approximately 4:30 615 pm, once participants were awake and unequipped with the PSG electrodes. 616
All the procedures and parameters for the training and test sessions were the same as 617 those in Experiment 2. A water reward was given only during the training session, and no water 618 reward was given during test sessions T1 and T2, so both the Reward and No-reward groups had 619 the same procedure during the test sessions. 620
The performance improvement over the sleep period was calculated based on the 621 threshold SOA in test sessions T1 and T2. First, for each test session, the 75% threshold SOA 622 was obtained. Second, the threshold SOA of session T2 was subtracted from the threshold SOA 623 of session T1 session, then divided by the threshold SOA of session T1 session and multiplied by 624
625
Subjective sleepiness was measured using SSS at the beginning of test sessions T1 and 626 T2 (29). 627
One may wonder whether the sleep structures, including REM phases, were comparable 628 between the groups before training. To confirm that there were no significant differences 629 between the Reward and No-reward groups in terms of basic sleep structures, including the REM 630 phase, in Experiment 3, we conducted additional analyses on the questionnaires and the data 631 from the sleep sessions. First, we analyzed the PSQI (33) and the MCTQ (34, 35). No significant 632 differences were observed between groups in terms of any of the habitual sleep parameters 633 ( Supplementary Table S7 ). To further confirm that the phases of REM sleep were comparable 634 across groups, we measured the latency to REM sleep from the posttraining sleep session (Table  635 1). First, no subject showed sleep-onset REM sleep. Second, the latency to REM sleep was 636 nonsignificant between groups (unpaired t-test, t(18)=0.84, p=0.414). These results indicate that 637 the REM phases were comparable between groups. 638 during REM sleep of two subjects in the No-reward group were too noisy; thus, the number of 683 subjects for the No-reward group was 9, whereas it was 11 for the Reward 
